Introduction
Titanium alloy, with good biocompatibility, low modulus of elasticity and good resistance to erosion, etc., is widely used in the field of biomedicine, such as artificial prosthesis, artificial joint, medical device and internal fixation material, etc. [1] [2] [3] . Many scholars have studied the hot deformation of titanium alloys. Qinggang Meng et al. [4] studied the high temperature deformation behavior of ATI425 alloy and established a consti-tutive model based on friction modification and temperature modification. Abbasi et al. [5] found the controlling mechanisms of microstructural evolution of Ti-13V-11Cr-3Al alloy are the dynamic recovery at low strain rates and the dynamic recrystallization at high strain rates in the temperature range of 930 • C −1080 • C and calculated the activation energy of hot deformation under different strain rates. In addition, studies have shown that adding an appropriate amount of elements such as Cu and Ag to the titanium alloy can make the titanium alloy have a certain bactericidal or bacteriostatic effect while ensuring good mechanical properties. Takahashi and Ohkubo [6] increase with the increase of Cu content in the alloy, but the plasticity of the material decreases. Ling Ren et al. [7] studied the properties of Ti-6Al-4V-x Cu alloys. The results show that the alloys showed obvious antibacterial abilities with good corrosion resistance and cytocompatibility, and the antibacterial role was enhanced with increasing Cu content. Among, Ti-2.7Cu alloy material is an antibacterial medical titanium alloy. At present, the research on the hot deformation behavior and constitutive relation of Ti-Cu alloy is still very limited. The dynamic material model (Dynamic Material Model, DMM) and its processing map technology has been successfully applied to the optimization of hot deformation process parameters of superalloy, composite and steel [8] [9] [10] , and provides an important theoretical basis for a practical application. In order to quantitatively describe microstructure of the material, a number of scholars have proposed a number of criteria to judge the rheological instability of the thermoplastic material, of which the Prasad instability criterion can be used to predict the structure of the material better [11, 12] .
In this paper, the hot deformation behavior of Ti-2.7Cu alloy was studied by hot compression test. The high temperature isothermal compression experiment was carried out by Gleeble-3500 thermomechanical simulator. The activation energy under the strain is calculated. At the same time, the constitutive equation with high precision was constructed. The processing map was constructed by the DMM theory, and the microstructure of the processing map was verified by microstructures in order to optimize the hot forming process parameters of the alloy.
Materials and experimental
The nominal composition of this alloy is Ti-2.7Cu, with the initial microstructure shown in Fig. 1 . The ˛ + ˇ/ˇ transus temperature of Ti-2.7Cu alloy is about 840.5 • C. Most of the p hases are strip-shaped and some are perpendicular or parallel to each other. Isothermal compression experiments were carried out on the Gleeble-3500 thermomechanical simula-tor. The sample size is 8 mm × 12 mm. The abrasive paper is used to polish both ends of the sample and coating it with graphite lubricant to reduce the effect of friction. The deformation temperature are 740,770,800,830,860 and 890 • C. Before compression, all of samples were heated at the heating rate of 10 • C/s to the deformation temperature, and they will be kept for 300 s, which makes temperature homogenized. Then, the sample was subjected to hot compression deformation at strain rates of 0.001, 0.01, 0.1,1 and 10 s −1 . The reduction in height was 70% at the end of the compression tests (true strain is about 1.2). The samples are cooled down to room temperature by water immediately after the compression. During the experiment, the device automatically collects data such as true stress, true strain, and temperature etc. The specimen was dissected along the axial direction by the wire cutting method and the metallographic specimen was prepared in the axial direction. After grinding, polishing and corrosion, the microstructure was observed on the XJP-6A metallographic microscope, and the corrosion agent was 10% HF + 20% HNO 3 + 90% H 2 O mixed corrosion solution.
3.
Experimental results and discussion Fig. 2 is the true stress-true strain curve of Ti-2.7Cu alloy at deformation temperature of 740-890 • C and deformation rate of 0.001-10 s −1 , and the curves are not revised. From the whole curve trend, the general changing of the flow stress curve of the alloy at high temperature can be seen. The flow stress decreases with the increasing of deformation temperature and increases with the increasing of strain rate. It can also be seen that with the increase of true strain, the flow stress increases rapidly at the early stage of deformation, and then the stress gradually decreases after reaching the peak value. The flow curves show the characteristics of flow softening when the deformation temperature is below the transus temperature. The flow curves show the characteristics of steady-state flow when the deformation temperature is above the transus temperature. The main reasons are that: during the process of hot compression, the flow stress of the Ti-2.7Cu alloy increases for the work hardening. After the peak stress, the work hardening and softening can achieve dynamic equilibrium. Most of the rheological curves are characterized by steady flow, that is, the change of flow stress is not obvious with the increase of the strain at the deformation temperature and strain rate when the work hardening and softening can achieve dynamic equilibrium [13, 14] . However, the flow stress of some curves increases obviously, after strain of 0.8, which may be that the increased strain rates cannot cause material to soften sufficiently in a short period of time by the slip of dislocations or climb motion, thus increasing the flow stress of the alloy [15] .
Analysis of true stress-strain curve

Constitutive modeling
There are many mathematical models for constitutive relations, among which the Arrhenius type equation has been widely applied, and there are three commonly used forms: (1) Under low stress conditions, the rheology of metals can be described by a power exponential model [16] :
(2) Under high stress conditions, the rheology of metal can be described by an exponential model [17, 18] :
(3) The rheology of the metal can be described by a hyperbolic sine function under all stress states [19] :
In the Eqs, Q represents the deformable activation energy; R means the gas constant, the value is 8.314 J/(mol K); A 1 , A 2 , A, n 1 , n, and ˇ are the material constants, ˛ = ˇ/n 1 and T is the absolute temperature (K). Eq. (1) is a power function equation, suitable for the low-stress level (˛ <0.8), Eq. (2) is an exponential equation, which is suitable for the high-stress level (˛ >1.2); Eq. (3) is hyperbolic sine equation, suitable for all stress levels.
The natural logarithms of both sides of Eqs. (1) and (2) are taken simultaneously:
The natural logarithms of both Eq. (3) are taken:
Convert the Eq. (6) to get:
Both sides of Eqs. (4) and (5) are take partial derivatives simultaneously:
The expression of deformation activation energy Q can be derived from Arrhenius hyperbolic sine function:
and
In this experiment, the reduction in height was 70%, so the material parameters of the true strain of 0.1-1.2 and interval of 0.1 are calculated. Taking the true strain 0.4 as an example, lnε-ln and lnε-as the coordinate, the relation curves of lnε-ln and lnε-are drawn through experimental data from Ti-2.7Cu alloy compression, as Fig. 3 . It can find the slope of each line in Fig. 3 and the n 1 and ˇ under different conditions from Eqs. (8) and (9) . Then the corresponding value of ˛ at different deformation temperatures by ˛ = ˇ/n 1 . Therefore, it can be concluded that the average value of ˛ is 0.016270.
As shown in Fig. 4 , the relationship between ln [sinh (˛)] with lnε and 1/T with ln [sinh (˛)] are obtained. The slope of each line can be found and the n and k under different conditions can be seen from Eqs. (11) and (12) 
Establishment of processing map
The principles of processing map
The processing map combines an instability map with a power dissipation efficiency map. Based on the dynamic material model (DMM), the dissipated power (P) containing two sections of integrals can be calculated according to Eq. (13) .
Where the G content refers to the power generated by temperature rises while the J co-content represents the power dissipated by microstructure evolution [20] . Flow stresses can be described as:
Where K is constant, m is strain rate sensitivity applied to divide power into G content and J co-content [21, 22] :
J co-content can be expressed as:
For an ideal linear dissipation process, m = 1 and J max = ε/2.
The power dissipation efficiency is introduced to evaluate the power-dissipation capacity of the material, represented as [23, 24] : A model considering the appearance of flow instabilities can be expressed according to one dimensionless parameter () [25, 26] :
The instability map is divided into two parts by , the processing zone where < 0 is distinguished as instability zone while the other part is regarded as safe zone.
The hot processing map is usually established by combining an instability map with a power dissipation map, illustrating the different microstructure evolution and restriction of flow instability. Including instability parameters ( , T, ε) as a framework, the power dissipation map is usually described in the same way as power consumption with microstructural evolution, whose shady zone represents the domination of flow instability. Therefore, it is possible to identify a specific mechanism for reducing the energy consumption. Generally, higher efficiencies of power dissipation mean better workability unless it meets a few unreliable variations like unpredictable fracture. Therefore, choosing the highest efficiency parameters in the secure zone to make parts can fulfill the aim of microstructural optimization.
The power dissipation efficiency
The power dissipation efficiency reflects the dynamic change of the structure. The relationship between power dissipation efficiency and temperature at different strains are constructed, as shown in Fig. 5 . Viewed as a whole, with the increase of strain, the rules of the value changing with temperature are similar under strain rates of 0.01 s −1 , 0.1 s −1 and 1 s −1 , appearing to possess smaller undulation. But the values of along with temperature have large fluctuations for the cases with strain rates of 0.001 s −1 and 10 s −1 . However,when the temperature is 800 • C, the value is the highest at strain rate of 0.001 s −1 and 10 s −1 , indicating that the hot workability of the material in this zone is better. Fig. 6 displays the three-dimensional distribution diagram of the power dissipation efficiency changing with deformation temperatures, strain rates and strains. It can be found from this figure that when the temperature is 800-890 • C and the strain rate is 1-10 s −1 , the power dissipation efficiency decrease with the increase in strain. When the strain is 0.9, the power dissipation efficiency is the lowest. When the strain is 1.2, the power dissipation efficiency increase, but the range is reduced. Meanwhile, when the temperature is 765-810 • C and the strain rate is 0.001-0.01 s −1 , the value and range of power dissipation increase with the increase in strain. However, as the strain increases, when the temperature is 740-760 • C and the strain rate is 10 s −1 , the power dissipation efficiency decrease. It can be seen from the figure that the maximum value of is about 0.65.
The instability parameter
The instability parameters are the basis for judging the occurrence of structural defects during hot processing (such as wedge cracks, adiabatic shear band, flow localization, etc.). As shown in Fig.7 , the relationship between instability parameters and temperature at different strains are constructed.
Viewed as a whole, with the increase of strain, the rules of the value changing with temperature have smaller undulation under strain rates of 0.001 s −1 , 0.01 s −1 and 0.1 s −1 . And the values are all positive. However, the values of along with temperature have large fluctuations for the cases with strain rates of 1 s −1 and 10 s −1 . In addition, at different strains, the values of strain rates of 10 s −1 and 1 s −1 have negative values. Generally, when the value is negative, the microstructure of the Ti-2.7Cu alloy may have defects at high strain rates and should be avoided during processing.
A three-dimensional distribution diagram of the instability parameter changing with deformation temperature, strain rate and strain is shown in Fig. 8 , where four strain sections are instability maps with strains of 0.3, 0.6, 0.9 and 1.2, respectively. The black zone represents "stable", while the red zone is "instability". As a whole, the proportion of instability zone for each of the strains is in the minority. However, the instability zone gradually increases with the increase in strain, mainly at a high strain rate. Furthermore, an intermediate range of temperature and strain rate is constantly safe under all strains.
Processing map
In this experiment, in order to reduce the experimental error and ensure the accuracy of the data, the Matlab software is programmed with the three spline function to interpolate the rheological stress data of the Ti-2.7Cu alloy when the true strain is 0.3 and 1.2. The corresponding material parameters 17) and (18) . Isolines of temperature and strain rates are plotted on the two-dimensional plane; those are the power dissipation map and the instability map. The two processing maps based on Prasad instability criterion are obtained by superimposing them. As shown in Fig. 9 , the shadow zone in the processing map is the instability zone and the white zone is the safe machining zone. It can be seen from the Fig. 9 that the instability zone of the processing map changes under different strain. With the increase of the strain, the instability zone expands and moves towards the low strain rate and high temperature direction. In actual processing, the material is in a non-uniform deformation. To avoid the instability of the structure, the instability of the material under different strain should be considered with a view to ensuring that the material has qualified performance after processing. According to the processing map, two instability zones can be recognized: the first instability zone occurs in the temperature range of 740 • C-750 • C and strain rate range of 0.56 s −1 -10 s −1 ; the second instability zone occurs in the temperature range of 825 • C-890 • C and strain rate range of 0.32 s −1 -10 s −1 . In these zones, the corresponding power dissipation coefficient of materials is comparatively low, and the instability of adiabatic shear bands or local plastic flow tends to occur during deformation.
The power dissipation efficiency decreased a little with the increase of strain value in the processing map of two different true strains at the temperature 740 • C -760 • C /strain rate 0.001 s −1 -0.01 s −1 and the temperature 780 • C -825 • C /strain rate 0.001 s −1 -0.0056 s −1 . When the true strain is 0.3 and 1.2, the maximum values are 0.6 and 0.55 respectively. The power dissipation efficiency peak zone in the processing map often corresponds to the favorable deformation mechanism, such as superplasticity, dynamic recovery, and dynamic recrystallization. Favorable deformation mechanism should be given priority in the formulation of deformation parameters, and it is also considered whether in the stable zone during the process of deformation. The favorable deformation mechanism is at the temperature 740 • C -760 • C, strain rate 0.001 s −1 -0.01 s −1 , and the temperature 780 • C -825 • C, strain rate 0.001 s −1 -0.0056 s −1 . The ranges have the best processing parameters.
Microstructure analysis of characterization zone
Previous studies demonstrated that the power dissipation efficiency and instability zones in processing map essentially represent the microstructural responses for the imposed hot deformation conditions [27] [28] [29] . Furthermore, the processing map alone is insufficient to identify the available processing parameters due to the prediction inaccuracy of DMM theory [27, 30] . Therefore, microstructural observation is often regarded as a necessary supplementary to determine the optimal parameters. In the following section, the microstructure of samples compressed at the different zones including safe zone and instability zone will be characterized. The deformation mechanisms will also be analyzed and discussed in detail based on the microstructure. Fig. 10 and Fig. 11 show the microstructure of the Ti-2.7Cu alloy under different deformation conditions. As shown in Fig.10(a) , when the deformation temperature is 740 • C and the strain rate is 10 s −1 , a slight flow localization phenomenon can be seen in the deformed structure, and the angle between the flow direction and the compression axis is about 80 • . Due to the low hot conductivity of titanium alloys, the sample will have obvious hot effect during the deformation process and will easily generate adiabatic temperature rise, resulting in flow localization phenomena. However, material struc- ture non-uniformity is relatively weak compared to adiabatic shear. The occurrence of flow localization means that the material has experienced severe uneven deformation, and the material carrying capacity is reduced or lost. This phenomenon is seen as a precursor to material failure and should be avoided during processing.
Mechanical instability occurs mainly in high temperature and high strain rate zones [24] . As shown in Fig. 10(b) , when the deformation temperature is 860 • C and the strain rate is 10 s −1 , the coarse ˇ grains are elongated and the angle between the direction and the compression axis is about 35 • , which causes material anisotropy. Some grain boundaries of ˇ grains are broken. It is obvious that the grain after compression is uneven and the mechanical instability occurs in the structure. Mechanical instability has a great influence on the mechanical properties of Ti-2.7Cu alloy, which reduces the processing properties of Ti-2.7Cu alloy. This zone should be avoided during processing.
The corresponding deformation parameters of Fig. 11 (a) are as follows: temperature 740 • C, strain rate 0.001 s −1 .It can be seen that the content of ˛ phase in the structure is higher, and the grain size of ˇ is smaller. The grain size difference is small and the deformation is in a stable state. The strength increases with the increase of ˛ content, but the ductility is significantly reduced [31] . At the temperature of 800 • C and the strain rate of 0.001 s −1 , as shown in Fig.11(b) , the power dissipation efficiency value is 0.55 at a strain of 1.2. It is generally believed that dynamic recrystallization often occurs at high power dissipation efficiency and low strain rate [32, 33] . Observing the microstructure of the Ti-2.7Cu alloy, under this deformation condition, the structure is relatively uniform and there are a large number of equiaxed grains, so it can be considered that dynamic recrystallization occurs. In general, dynamic recrystallization is a beneficial deformation mechanism for the reconstruction of deformed structures.
Through processing map prediction and microstructure observation, It can see that the suitable processing parameters of Ti-2.7Cu alloy are that deformation temperature 780 • C -825 • C and strain rate 0.001 s −1 -0.0056 s −1 .
Conclusions
The hot deformation behaviors of Ti-2.7Cu alloy were investigated for a large range of working conditions in this research. Based on the experimental data sets of flow stress curves and microstructure observation, microstructural evolution was analyzed. The 3D processing maps, combining instability maps with power dissipation efficiency maps, were successfully constructed. The conclusions are presented as follows:
(1) The flow stress of Ti-2.7Cu alloy during high temperature compression deformation has a close relationship with deformation temperature and strain rate. The flow stress will decrease with the increase of deformation temperature, and increase with the increase of strain rate.
(2) The activation energy of Ti-2.7Cu alloy is 412.32 kJ/mol when the true strain is 0.4. The relationship between flow stress, deformation temperature and strain rate can be described by the constitutive equation of hyperbolic sine function: ε = 4.7658 × 10 18 [sinh (0.016270)] 2.991 exp (−412320/RT) (3) Hot processing parameters of the Ti-2.7Cu alloy exert a great impact on the isothermal deformation feature parameters, such as power dissipation efficiency () and instability parameter () for establishment of the processing map. The higher power dissipation zone is mainly at deformation temperature 765-810 • C and the strain rate is 0.001-0.01 s −1 . The lower power dissipation zone is mainly when the temperature is 740-760 • C and the strain rate is 10 s −1 .
(4) The processing maps of Ti-2.7Cu at different strains were obtained based on the power dissipation efficiency and instability parameter. Comprehensive processing map and microstructure analysis results, the optimum processing parameters were determined to be the deformation temperature of 780 • C -825 • C and strain rate of 0.001 s −1 -0.056 s −1 . The deformation mechanism of the corresponding zone is dynamic recrystallization.
